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Our classical perception of microorganisms as unicellular
life forms is almost entirely based on the pure-culture mode of
growth; since microbial suspensions can be diluted to a single
cell and studied in liquid culture, this mode of growth has
traditionally predominated in the study of microbial physiology
and pathogenesis in the research laboratory. However, many
microbes in their natural habitats are found in biofilm ecosys-
tems attached to surfaces and not as free-floating (planktonic)
organisms (20, 21, 27). Thus, biofilms are defined as structured
microbial communities that are attached to a surface and en-
cased in a matrix of exopolymeric material. This is of particular
significance since it is now estimated that a significant propor-
tion of all human microbial infections involve biofilm forma-
tion (20, 22, 25, 26, 29, 48).

Candida species are frequently found in the normal micro-
biota of humans, which facilitates their encounter with most
implanted biomaterials and host surfaces. Devices such as
stents, shunts, prostheses, implants, endotracheal tubes, pace-
makers, and various types of catheters, to name a few, have all
been shown to support colonization and biofilm formation by
Candida (50). Candida albicans remains the fungal species
most commonly associated with biofilm formation (28, 29, 56),
and the increase in Candida infections in the last decades has
almost paralleled the increase and widespread use of a broad
range of medical implant devices, mainly in populations with
impaired host defenses. Strikingly, fungi (mainly C. albicans)
are the third leading cause of catheter-related infections, rep-
resenting the second highest colonization-to-infection rate and
the overall highest crude mortality (23). The formation of
Candida biofilms carries important clinical repercussions be-
cause of their increased resistance to antifungal therapy and
the ability of cells within biofilms to withstand host immune
defenses. Also, biofilm formation on medical devices can neg-
atively impact the host by causing the failure of the device and
by serving as a reservoir or source for future continuing infec-
tions (29, 50). The net effect is that Candida biofilms adversely
impact the health of these patients with increasing frequency

and severity and with soaring economic sequelae (11, 86, 87,
89).

FORMATION AND CHARACTERISTICS OF
C. ALBICANS BIOFILMS

Most information on the structural characteristics associated
with C. albicans biofilms comes from in vitro experiments in
which a variety of biofilm models were developed by different
groups of investigators. These model systems comprise cathe-
ter disks, sheets and tubing made from different materials,
glass slides, a perfused biofilm fermentor, cylindrical cellulose
filters, acrylic strips and disks, germanium substratum, micro-
titer plates, and tissue culture flasks, among other systems, and
include biofilms formed under both static and flowthrough
conditions (6–10, 17, 18, 35, 37, 38, 57, 66, 71, 72, 76, 79, 84).
Recently, two different animal models of catheter-associated
Candida infections have been described, and visualizations of
the resulting in vivo-formed biofilms indicate structural fea-
tures similar to those formed in vitro (3, 83). Biofilms have also
been recovered directly from clinical samples and visualized
using different microscopy techniques (17, 74, 82). Again, these
data suggest that in vitro model systems closely mimic in vivo
events and therefore that the observations made may be clin-
ically relevant.

To colonize any surface, fungal cells must first adhere to
biomaterial surfaces. The initial attachment of Candida cells
to biomaterials is mediated by both nonspecific factors (cell
surface hydrophobicity and electrostatic forces) and by specific
adhesins on the fungal surface recognizing ligands in the con-
ditioning films, such as serum proteins (fibrinogen and fi-
bronectin) and salivary factors (reviewed in reference 16).
Importantly, biofilm formation correlates with cell surface
hydrophobicity (63). Recent studies suggest that specific ad-
herence events may also be mediated by cell surface proteins
such as those encoded by members of the ALS family of ad-
hesin-producing genes and EAP1 (33, 62). Additionally, Can-
dida cells can also coaggregate and/or bind to bacteria (14, 43,
66, 67). The initial focal attachment of individual cells to a
substratum is closely followed by cell division, proliferation,
and biofilm development. Mature Candida biofilms exhibit a
complex three-dimensional structure and display extensive
spatial heterogeneity (6, 17, 18, 28, 37, 38, 53, 56, 75, 78, 79).
This structural complexity is thought to represent the optimal
spatial arrangement to facilitate the influx of nutrients, the
disposal of waste products, and the establishment of micro-
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niches throughout the biofilm. The overall architecture of the
biofilm may vary depending on the substrate on which it is
formed and its growth conditions (17, 30, 84). Moreover, dif-
ferent strains of C. albicans and different Candida spp. differ in
their capacities to form biofilms (38, 53, 63, 75).

In seminal work by Hawser and Douglas (38), the structure
of C. albicans biofilms formed on catheter disks was first ex-
amined by scanning electron microscopy (SEM). The initial
attachment of yeast cells was followed by germ tube formation
within 3 to 6 h. After 24 to 48 h of incubation, the fully mature
C. albicans biofilms consisted of a dense network of yeasts,
hyphae, and pseudohyphae, and extracellular polymeric mate-
rial was visible on the surfaces of some of these morphological
forms. Interestingly, the growth conditions used by these in-
vestigators do not normally lead to filamentation under plank-
tonic conditions, suggesting that conditions or factors within
the biofilm induce filament formation. Similar observations
were made for C. albicans biofilms formed on acrylic material
(17, 79). Figure 1 shows a SEM image of a mature C. albicans
biofilm. In contrast to SEM techniques, the nondestructive
nature of confocal scanning laser microscopy allows the visu-
alization of fully hydrated living biofilms. The use of this tech-
nique has revealed the complex three-dimensional structure of
mature C. albicans biofilms, in particular the spatial heteroge-
neity and architecture of microcolonies with ramifying water
channels, and shown that biofilms can range in thickness from
25 to more than 450 �m (17, 79). A movie showing a rotating
three-dimensional reconstruction using confocal microscopy of
a mature C. albicans biofilm is available (see Video S1 in the
supplemental material). In this case, a 24-h-old biofilm formed
by C. albicans 3153A on a plastic coverslip was stained using

the FUN 1 component of the LIVE/DEAD yeast viability kit
(Molecular Probes, Eugene, OR).

ROLE OF MORPHOGENETIC CONVERSIONS IN
C. ALBICANS BIOFILM FORMATION

Undoubtedly, C. albicans morphogenetic conversions (the
ability to reversibly switch between yeast and filamentous
forms) are important for multiple aspects of C. albicans biology
and pathogenicity and have remained the focus of much inves-
tigation throughout the years (12, 13, 32). It is clear that mor-
phogenesis plays a pivotal role in C. albicans biofilm develop-
ment; Baillie and Douglas (10) demonstrated that hyphae are
essential elements for providing the structural integrity and
multilayered architecture characteristic of mature/fully devel-
oped biofilms. To begin to dissect the molecular pathways
governing filamentation that are involved in biofilm formation,
Ramage et al. (78) used a series of genetically defined C. al-
bicans mutant strains characterized by their inability to fila-
ment under different environmental conditions and tested
their capacity to form biofilms. Of the several mutant strains
tested, the single �efg1 and double �cph1/�efg1 deletion mu-
tants were unable to filament and formed rather poor biofilms
lacking in three-dimensional structure and composed mainly of
sparse monolayers of elongated cells (78). The �cph1/�efg1
double mutant was also profoundly deficient in colonizing
plasma-coated polyurethane catheters (61) but was still able to
form a thin biofilm on glass, again composed principally of
blastospores (30). Together, these results demonstrate that the
Efg1 regulator protein is a key factor in the formation and
subsequent development of mature C. albicans biofilms on

FIG. 1. SEM image of a mature (48 h) C. albicans biofilm. Note that biofilms are composed of yeast, hyphal, and pseudohyphal elements. Please
note also that most of the exopolymeric material (matrix) is lost due to dehydration during SEM procedures. Bar is 10 �m.

634 MINIREVIEW EUKARYOT. CELL



most biological and artificial surfaces, although this role could
be a consequence of its filamentation defect, since strains with
mutations in several other genes involved in this process also
display defects in their biofilm-forming abilities (30, 47, 51). It
remains a possibility, however, that dimorphism per se may not
be an absolute prerequisite for biofilm formation, since sub-
stantial yeast-only biofilms have been described (8, 10), but
might be necessary for the development of the spatially orga-
nized structure seen in mature, highly structured biofilms.

QUORUM SENSING IN C. ALBICANS BIOFILMS

Cell-cell signaling, in particular quorum sensing, is funda-
mental to microbial biofilm formation (27, 49, 65, 70). This
strategy of cell-cell communication benefits the biofilms’ well-
being by preventing unnecessary overpopulation and control-
ling competition for nutrients and has important implications
in the infectious process, particularly for dissemination and for
the establishment of distal sites of infection. It has been shown
that farnesol acts as a quorum-sensing molecule that inhibits
filamentation in C. albicans (44). Preincubation of C. albicans
cells with high concentrations of farnesol almost completely
inhibited biofilm formation. Furthermore, supernatants recov-
ered from mature biofilms inhibited the filamentation of plank-
tonic C. albicans, indicating that a morphogenetic autoregula-
tory compound, most likely farnesol, is produced in situ in
biofilms (73). In a recent study, Cao et al. used a partial C.
albicans cDNA microarray to analyze changes in the gene
expression in C. albicans biofilms grown in the presence of
farnesol (15). As expected, some hyphal-formation-associated
genes were differentially expressed in farnesol-treated biofilms,
including TUP1 (up-regulated). Other differentially expressed
genes included some involved in drug resistance as well as
genes encoding proteins with roles in cell wall maintenance
(namely chitinases), iron transport, and heat shock/stress re-
sponse. Also, CSH1, which codes for a protein that has been
associated with cell surface hydrophobicity, was down-regu-
lated in farnesol-treated biofilms. Another quorum-sensing/
autoregulatory molecule with a role in the growth and morpho-
genesis of C. albicans is tyrosol, which is found in conditioned
medium from high-density cultures (19); tyrosol abolishes the
delay of growth after dilution and stimulates filamentation
under conditions permissive for germ tube formation, but its
role in biofilms has not been investigated. A recent study has
shown that both quorum sensing and biofilm formation in
C. albicans are regulated by the two-component signal trans-
duction protein Chk1p (52). Another interesting set of exper-
iments comes from studies on the interactions between
C. albicans and the bacterium Pseudomonas aeruginosa. P.
aeruginosa forms a dense biofilm on C. albicans filaments and
kills the fungus, but the bacteria neither bind to nor kill yeast
forms of C. albicans (41). Furthermore, C. albicans cells were
shown to be capable of suppressing filamentation in response/
upon exposure to a P. aeruginosa quorum-sensing molecule
(3-oxo-C12 homoserine lactone) and structurally related com-
pounds (42). Together, these results indicate that morphogen-
esis in C. albicans is under complex control by environmental
conditions.

MOLECULAR BASIS OF RESISTANCE IN
CANDIDA BIOFILMS

Several groups have demonstrated that the Candida biofilm
lifestyle leads to dramatically increased levels of resistance to
the most commonly used antifungal agents (6, 18, 36, 39, 54,
58, 60, 75–77, 79, 80). However, newer antifungal agents, such
as the echinocandins and liposomal formulations of amphoter-
icin B, show increased activity against Candida biofilms (4, 5,
54, 77). It is important to note that NCCLS broth-dilution
techniques for antifungal susceptibility testing use planktonic
populations and will not enable the prediction of antifungal
efficacy against Candida biofilms (69). Thus, this may be one of
the main reasons for the lack of correlation between results of
antifungal susceptibility testing as determined by NCCLS
guidelines and clinical outcomes in patients suffering from
these types of infections (31, 81). However, the determination
of the effectiveness of different antifungal agents against bio-
films in this setting has important clinical implications in that it
may guide therapeutic decisions that potentially affect the out-
comes of patients suffering from these difficult-to-treat infec-
tions. A recently developed microtiter-plate-based biofilm
model that is compatible with the 96-well platform technology
has proven valuable for the determination and standardization
of antifungal susceptibility testing in Candida biofilms (76).
The rationale for this system was to provide a rapid and re-
producible methodology to test an array of clinical and labo-
ratory strains as well as a battery of antifungal compounds. In
this system, biofilms are formed in 96-well microtiter plates
and then challenged with antifungal drugs over a selected time
period. The assay relies on the measurement of the metabolic
activities of the sessile cells growing within the biofilm and is
based on the reduction of 2,3-bis(2-methoxy-4-nitro-5-sulfo-
phenyl)-2H-tetrazolium-5-carboxanilide (XTT) to yield a wa-
ter-soluble formazan-colored product that can then be mea-
sured in a microtiter plate reader (40, 85).

As yet, there appears to be no one specific resistance factor
responsible for the increased recalcitrance to antimicrobial
agents exhibited by biofilms. Instead, biofilm resistance is a
complex multifactorial phenomenon which still remains to be
fully elucidated and understood. Different mechanisms may be
responsible for the intrinsic resistance of Candida biofilms.
These include the following: (i) the high density of cells within
the biofilm; (ii) the effects of the biofilm matrix; (iii) decreased
growth rate and nutrient limitation; (iv) the expression of re-
sistance genes, particularly those encoding efflux pumps; and
(v) the presence of “persister” cells (7–9, 46, 55, 59, 64, 68, 72,
80). Some of these are discussed below in relation to Candida
biofilm resistance.

The matrix or exopolymeric substance (EPS) is produced by
and envelops sessile communities of cells, and this could act as
a barrier to the diffusion of antibiotics and/or as an ion-ex-
change resin to bind charged antibiotic molecules (34, 45). In
C. albicans biofilms, matrix production was seen to increase
dramatically when developing biofilms were grown under liq-
uid flow compared to static conditions; however, both types of
biofilms were equally resistant to antifungal drugs (9, 37). Sub-
sequent experiments with resuspended sessile cells recovered
from mature biofilms indicated that when tested as free-float-
ing cells, they were also resistant to fluconazole and ampho-
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tericin B challenge, but not to the same level as that found in
the mature biofilms from which they were derived (7, 8, 72). In
mixed biofilms, the EPS produced by bacterial cells was shown
to retard the diffusion of the antifungal agents, but poor pen-
etration did not account for the drug resistance of Candida
biofilm cells (1, 2). Overall, these results seem to indicate that
the EPS plays a partial role in sessile resistance, but other
factors are also likely involved.

Several studies have examined the effects of growth rate and
nutrient limitation in relation to drug resistance in C. albicans
biofilms. Baillie and Douglas (7, 8) demonstrated that mature
biofilms were resistant to amphotericin B at all growth rates
tested and also at different levels of nutrient limitation. In
addition, Chandra and colleagues reported that a progression
of drug resistance was associated with an increase in the met-
abolic activity of the developing biofilm and not with a lower
growth rate, which clearly indicates that drug resistance devel-
ops over time, coincident with biofilm maturation (17, 18).

Under planktonic conditions, one of the main mechanisms
through which azole resistance develops in C. albicans is the
active efflux of these drugs mediated by ABC transporter and
major facilitator proteins (88). The expression of genes encod-
ing both types of efflux pumps was found to be up-regulated
during the different phases of biofilm development, both in
vitro and in vivo (3, 64, 68, 72). Interestingly, however, biofilms
formed by mutant strains deleted for genes encoding several of
the efflux pumps retained their drug-resistant phenotype, al-
though they were more susceptible during the early adherence
phase of biofilm formation (64, 68, 72). Notwithstanding this
observation of continued resistance in their absence, the over-
expression of genes encoding efflux pumps by cells within a
biofilm likely represents a normal physiological phenomenon,
since they are likely employed primarily as a means of both
nutrient uptake and cellular detoxification (24, 72). Finally,
sterol analyses have revealed that ergosterol levels are signif-
icantly decreased in the intermediate and mature phases of
biofilm growth compared to those in the early phases of de-
velopment (68). Since sterol metabolism is the primary cellular
process affected by the most widely employed antifungal drugs,
the diminished levels of ergosterol present in sessile C. albicans
may reflect a physiological state more conducive to resistance
in these cells. Taken together, all of these observations rein-
force the notion that biofilm resistance is a multifactorial phe-
nomenon.

CONCLUSIONS AND FUTURE PERSPECTIVES

The ability to form biofilms is intimately associated with the
ability to cause infection and as such should be considered an
important virulence determinant during candidiasis. The bio-
film lifestyle results in antifungal drug resistance and protec-
tion from host defenses, both of which carry important clinical
repercussions. Molecular studies on biofilm formation have
begun to shed light on the driving forces behind the transition
to the biofilm mode of existence, including quorum sensing,
which in the future may offer a potential therapeutic avenue.
The application of powerful DNA microarray and proteomic
technologies should facilitate a more detailed analysis of the
biofilm lifestyle. Future studies should focus on in vivo-grown
biofilms, mixed bacterial-fungal biofilms, and the determina-

tion of the biofilm-forming capacity of other Candida species
and also investigate the use of new materials and other pre-
ventive strategies that could be employed to inhibit biofilm
formation.
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